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Abstract

Avian pneumovirus (APV) was first isolated from turkeys in the west-central US following emergence of turkey
rhinotracheitis (TRT) during 1996. Subsequently, several APV isolates were obtained from the north-central US.
Matrix (M) and fusion (F) protein genes of these isolates were examined for sequence heterogeneity and compared
with European APV subtypes A and B. Among US isolates the M gene shared greater than 98% nucleotide sequence
identity with only one nonsynonymous change occurring in a single US isolate. Although the F gene among US APV
isolates shared 98% nucleotide sequence identity, nine conserved substitutions were detected in the predicted amino
acid sequence. The predicted amino acid sequence of the US APV isolate’s F protein had 72% sequence identity to
the F protein of APV subtype A and 71% sequence identity to the F protein of APV subtype B. This compares with
83% sequence identity between the APV subtype A and B predicted amino acid sequences of the F protein. The US
isolates were phylogenetically distinguishable from their European counterparts based on F gene nucleotide or
predicted amino acid sequences. Lack of sequence heterogeneity among US APV subtypes indicates these viruses have
maintained a relatively stable population since the first outbreak of TRT. Phylogenetic analysis of the F protein
among APV isolates supports classification of US isolates as a new APV subtype C. © 2000 Elsevier Science B.V. All
rights reserved.
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Pneumoviruses are members of the family
Paramyxoviridae which contain a nonsegmented
negative-sense RNA genome of approximately 15
kb in length. Viruses related to avian pneu-
movirus (APV) include human, bovine, ovine and
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caprine respiratory syncytial viruses and pneumo-
nia virus of mice. Although genome length is
similar, pneumoviruses generally encode 10 genes,
compared to six or seven in other paramyxoviruses.
These include the nonstructural proteins (NS1 and
NS2), nucleoprotein (N), phosphoprotein (P), ma-
trix protein (M), small hydrophobic protein (SH),
surface glycoprotein (G), fusion protein (F), second
matrix protein (M2) and a viral RNA-dependent
RNA polymerase (L). Although pneumoviruses
have an F protein that promotes cell fusion, these
viruses do not hemagglutinate, nor do they have
neuraminidase activity in their G attachment
protein. This is an important distinguishing charac-
teristic from the other paramyxoviruses (reviewed
in Collins et al., 1996).

Classification of European avian pneumovirus
(APV) isolates was initially based on physical
characterization of the virion (Collins et al., 1986;
Collins and Gough, 1988), electrophoretic mobility
of viral proteins (Ling and Pringle, 1988) and
number of mRNA species detected in APV infected
cells (Cavanagh and Barrett, 1988). Sequence infor-
mation for the N (Li et al., 1996), P (Ling et al.,
1995), M (Yu et al., 1992b; Randhawa et al., 1996a;
Seal, 1998), F (Yu et al., 1991; Naylor et al., 1998),
M2 (Yu et al., 1992a), SH (Ling et al., 1992), G
(Ling et al., 1992; Juhasz and Easton, 1994) and L
(Randhawa et al., 1996b) genes are now published
for several APV isolates. The sequence in every case
is most similar to other members of the Pneu-
mo6irus genus. The putative gene order of APV
(3%N-P-M-F-M2-SH-G-L5%) is different from its
mammalian counterparts (3%NS1-NS2-N-P-M-SH-
G-F-M2-L5%), wherein the SH and G genes are
located 5% to the M2 gene (Ling et al., 1992). The
extreme 3% and 5% ends of one European APV
isolate’s genome were determined which estab-
lished that the NS1 and NS2 genes are absent in the
avian viruses (Randhawa et al., 1997). This is
different from their mammalian counterparts and
along with a smaller L gene results in APV having
a genome of only 13.3 kb (Randhawa et al., 1996b).
Since APV has no NS1 or NS2 gene, but has a M2
gene with structural characteristics like other pneu-
moviruses, it has been suggested that it become the
type virus of a new genus within the Metapneu-
mo6irus (Pringle, 1998).

The G protein of pneumoviruses is responsible
for cell attachment and is a major antigenic deter-
minant of this group. Based on G protein gene
nucleotide and predicted amino acid sequences two
APV subgroups, designated A and B, were iden-
tified (Juhasz and Easton, 1994). Group A viruses
include isolates from the UK and France, while
group B viruses include isolates from Spain, Italy
and Hungary. However, subtype B viruses are now
found in the UK (Naylor et al., 1998). The G
proteins share approximately 99% identity among
viruses in the same group. However, they are only
38% similar between viruses from the two APV
subtypes. This correlates with earlier data demon-
strating that various APV isolates were antigeni-
cally similar, but could be separated serologically
into two distinct groups (Collins et al., 1993; Cook
et al., 1993). This relationship was further confi-
rmed by sequence analysis of the F protein gene
(Naylor et al., 1998) and the more conserved M
gene (Randhawa et al., 1996a). Differences in F and
G proteins between APV subtypes could account
for discrepancies using different antigens for serol-
ogy (Eterradossi et al., 1992). Only one partial F
gene sequence (accession no. D49957) is currently
available for Japanese APV isolates (Tanaka et al.,
1995, 1996). This sequence shares 100% nucleotide
identity to the European subtype A isolate UK3B
(data not shown). Isolates from Brazil conform to
European subtype A (Dani et al., 1999), and
turkeys in Chile were serologically positive by
ELISA utilizing European APV antigens (Toro et
al., 1998).

Avian pneumovirus causes turkey rhinotrachei-
tis (TRT) and is associated with swollen head
syndrome (SHS) of chickens which is usually ac-
companied by secondary bacterial infections that
increase mortality. APV was first reported in
South Africa during the early 1970s and was then
isolated in Europe, Israel and Asia (reviewed in
Jones, 1996; Alexander, 1997). During February,
1997 APV was officially isolated by the National
Veterinary Services Laboratory (NVSL, APHIS,
USDA) from commercial turkeys in Colorado
(APV/CO) following an outbreak of TRT the
previous year. During the first 10 months of the US
outbreak it was not possible to detect virus
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serologically due to no cross-reactivity of the US
APV isolates with reagents produced in Europe.
An ELISA was developed by NVSL using inacti-
vated purified APV/CO as an antigen and sero-
logical evidence of APV infection was
subsequently also demonstrated in north-central
US turkey flocks. In the US mortality due to APV
infections has ranged from zero, to 30% when
accompanied by bacterial infections, with con-
demnations due to airsacculitis (Kleven, 1997).
Absence of serologic reactivity by APV/CO in-
fected birds with APV subtype A and B isolates
clearly demonstrated emergence of new strains of
this virus previously considered exotic to North
America.

The M protein gene is highly conserved among
paramyxoviruses (Rima, 1989) and was used for
initial molecular characterization of APV from
the US (Seal, 1998). To further characterize the
US APV isolates, the F protein gene was cloned
and sequenced from the APV/CO isolate and for
two APV isolates from Minnesota. The APV/CO
and Minnesota isolates MN1a, MN1b and MN2a
(provided by National Veterinary Services Labo-
ratory, APHIS, USDA, Ames, IA) were propa-
gated in quail tumor (QT) cells using standard
techniques (Wyeth and Alexander, 1989; Alexan-
der, 1997; Chiang et al., 1998). Following replica-
tion in QT cells, RNA was purified by
guanidinium extraction (Chirgwin et al., 1979) of
infected cells and ultracentrifuged through CsCl
(Glisin et al., 1974). The 5% region of conserved
nucleotide sequence among APV M protein genes
(Yu et al., 1992b; Randhawa et al., 1996a) were
analyzed by the PRIMER2 (Scientific and Educa-
tional Software, Stateline, PA) computer program
to obtain an oligonucleotide primer as described
(Seal, 1998). Poly-A RNA was purified (Aviv and
Leder, 1972) and cDNA was synthesized
(Kotewicz et al., 1988; Life Technologies) fol-
lowed by polymerase chain reaction (Belyavsky et
al., 1989) utilizing an oligo-dT primer
(GGGAGGCCCCT15) with a conserved APV 5%
M gene primer (GGGGACAAGTIAAIATG-
GAGTC). Additionally, primers were synthesized
from within the APV/CO M gene and used for
5%RACE (Frohman, 1993) to synthesize cDNA
from the viral genomic RNA. Subsequently, an

APV/CO 5% F gene primer (GGGACAAGT-
GAAAATGTCTTGG) was used with the oligo-
dT primer (Belyavsky et al., 1989) to synthesize
full-length F genes for the APV isolates. Am-
plified products utilizing Elongase (Life Technolo-
gies/Gibco BRL, Grand Island, NY) for PCR
were cloned using TA cloning systems (Mead et
al., 1991; Seal, 1998) according to methods of the
manufacturer (Invitrogen, San Diego, CA;
Promega, Madison, WI). The ligated cDNA was
introduced into Escherichia coli using standard
transformation and plated on media with ampi-
cillin (Hanahan, 1985).

Double-stranded sequencing (Sanger et al.,
1977) with Taq polymerase (Applied Biosystems
Inc.) and fluorescently labelled dideoxynucleotides
was performed with an automated sequencer
(Smith et al., 1986). Six independent APV M and
F protein gene clones from two separate amplifi-
cation and cloning reactions were sequenced for
each US isolate. Nucleotide sequence editing, pre-
diction of amino acid sequences, and protein com-
puter structure predictions were completed using
the DNASTAR (Madison, WI) and GeneWorks
2.3 programs (Intelligenetics, Mountain View,
CA). Alignments were performed using the
CLUSTALW method (Thompson et al., 1994).
Nucleotide sequence analysis, including determi-
nation of synonymous and nonsynonymous sub-
stitutions (Nei and Gojobori, 1986), was
completed using the Molecular Evolutionary Ge-
netics Analysis system (MEGA; Kumar et al.,
1993). Nucleotide sequence analyses were also
completed in MULTICOMP with a 90 base pair
sliding window (Reeves et al., 1994) using the
algorithm of Li (1993) for determining synony-
mous and nonsynonymous substitutions. These
data were prepared for graphical presentation us-
ing Excel98 (Microsoft, Seattle, WA). A statistical
test for recombination among homologous nucle-
otide sequences was also completed (Sawyer,
1989). To determine relationships among APV
isolates and how protein sequence information
relates to current designations, analysis was per-
formed by Phylogenetic Analysis Using Parsi-
mony (PAUP; Swofford, 1998) following 2000
bootstrap replications (Hedges, 1992) with the
bovine respiratory syncytial virus M (Samal and
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Fig. 1. Phylogenetic relationships among avian pneumoviruses
based on matrix protein amino acid sequences. Following
alignment a rooted phylogram was generated by maximum
parsimony analysis using bovine respiratory syncytial virus
(BRSV) as an outgroup. Absolute distances are listed above
each branch with bootstrap confidence levels in parentheses
below. APV represents avian pneumoviruses from the US and
European subtypes A and B with geographic location.

APV/B) as another distinct subtype (Fig. 1).
To further characterize these emergent viruses,

the F protein was cloned, sequenced and com-
pared phylogenetically to the European APV iso-
lates (Naylor et al., 1998). Although the F protein
genes among US APV isolates shared 98% nucle-
otide sequence identity, nine conserved substitu-
tions were detected in the predicted amino acid
sequence. The US APV/CO isolate’s F protein
predicted amino acid sequence shared 72% iden-
tity with the APV subtype A and 71% identity
with the F protein of APV subtype B. This con-
trasts with the 83% identity shared between the F
protein predicted amino acid sequences of APV
subtypes A and B. A 67% identity in amino acid
sequence of the F protein was shared among all
three subtypes. The US viruses have an amino
acid deletion in the F protein at position 528
relative to their European counterparts. Extensive
variation occurs primarily in the amino-terminus
from residues one through 20 and in the carboxy-
terminus from residue 470 to the end of the F
protein among APV subtypes (Fig. 2A). There are
two potential N-glycosylation sites at amino acid
positions 57 and 353 among the F proteins of all
APV subtypes. The US APV isolates have a fu-
sion protein cleavage site sequence of Arg–Lys–
Ala–Arg/Phe–Val–Leu compared to
Arg–Arg–Arg–Arg/Phe–Val–Leu for the A sub-
type and Arg–Lys–Lys–Arg/Phe–Val–Leu for
the subtype B isolates (Fig. 2A).

The F protein mediates fusion of the viral
membrane with the cell membrane that is cleaved
into subunits F1 and F2 at an Arg–Lys rich
region termed the connecting peptide (Collins et
al., 1996). As reported for APV subtype A and B
isolates, the most conserved portion of the F1 is
the N-terminal region which is presumed to be
involved with membrane fusion (Naylor et al.,
1998). The Arg, Phe, Gly, and Gly at positions
102, 103, 106 and 111, respectively, are struc-
turally important to paramyxovirus F proteins
(Horvath and Lamb, 1992). These amino acids
are conserved among all the APV subtypes rela-
tive to other paramyxoviruses. The F1 is more
highly conserved than the F2 with the exception
of the highly variable transmembrane domain and
cytoplasmic tail of F1. This is similar to human

Zamora, 1991) or F protein (Zamora and Samal,
1992) as an outgroup (Smith, 1994).

The M gene was cloned and sequenced for three
APV isolates obtained from the north-central US,
designated MN1a, MN1b and MN2a. Sequence
analysis (Fig. 1) revealed that the viruses isolated
from Minnesota, following initial isolation of
APV during the Colorado outbreak are very ho-
mogeneous. In the M gene these viruses share a
greater than 98% nucleotide sequence identity
among one another. The few differences that oc-
cur are synonymous changes with the exception of
the MN2a virus. One non-synonymous nucleotide
change was present in the M gene that resulted in
a single amino acid difference between the origi-
nal CO isolate and the MN2a virus obtained 1
year later. As established previously (Seal, 1998),
the US APV isolates can be distinguished phylo-
genetically from their European counterparts (Yu
et al., 1992b; APV/A and Randhawa et al., 1996a;
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Fig. 2.



B.S. Seal et al. / Virus Research 66 (2000) 139–147144

respiratory syncytial virus (HRSV), wherein these
regions vary between subtypes, but within sub-
types they are highly conserved (Plows and
Pringle, 1995).

Cellular proteases that recognize the sequence
Arg–X–Arg/Lys–Arg (Hosaka et al., 1991) are
required to cleave paramyxovirus fusion proteins
(Nagai, 1995). The US isolates differ from the
European APV subtypes in that they have Ala at
position 101 instead of a basic amino acid (Nay-
lor et al., 1998). The Ala present in the F protein
cleavage site of US isolates rather than Arg or
Lys present among European strains may affect
relative virulence among these viruses. This varia-
tion may be important in modulating efficiency of
cleavage or may affect the range of host proteases
capable of cleaving the F protein. Since severe
disease is observed primarily when APV is associ-
ated with bacterial infections (Majo et al., 1997),
it is possible that bacterial proteases (Akaike et
al., 1989) may also play a role in APV fusion
protein cleavage.

Overall 57% nucleotide sequence identity was
shared among the three subtypes in the F gene
open reading frame. The US viruses shared 67%
identity with subtype A and 61% with subtype B.
Sequence variation occurs throughout the F
protein gene of all three subtypes, with synony-
mous changes predominating (Fig. 2B). The non-
synonymous to synonymous base change ratio
was 0.77 when comparing the US isolates relative
to the European subtype A and B viruses. This
contrasts with a ratio of 0.51 when determining
this ratio for the F gene of the APV subtype A
and B isolates. The amino-terminus (residues 1
through 24) and carboxy-terminus (from residue
465) of the F protein are highly variable relative
to the interior of the protein. The nonsynonymous
to synonymous base ratio for the amino-terminus
F gene coding region is 0.68 when comparing the
US subtype viruses relative to the A and B sub-
types, while the ratio is only 0.50 when comparing

the A and B subtypes to each other. This con-
trasts with the carboxy-terminus coding region
wherein the nonsynonymous to synonymous base
ratio is 2.0 when determining this value for the
US virus relative to the A and B subtypes. This
ratio is 1.5 when comparing the A and B subtypes
of APV.

The overall ratio of nonsynonymous to synony-
mous bases in the F gene among APV isolates is
less than one and indicates these viruses have been
undergoing purifying selection resulting in disad-
vantageous nonsynonymous mutations being
eliminated (Kimura, 1977). However, certain por-
tions of the F gene have a greater number of
nonsynonymous base changes, illustrated by in-
creased variability in the amino- and carboxy-ter-
minal portions of the F protein (Fig. 2A). This is
similar to other viral systems, wherein certain
regions of a gene may have a greater rate of
nonsynonymous substitutions relative to the over-
all rate for the entire gene (Ina and Gojobori,
1994; Seibert et al., 1995). The hypervariable F
protein regions of APV subtypes are comparable
to regions of F proteins that vary between the two
HRSV subtypes (Johnson and Collins, 1988).

The F protein cleavage site sequences are differ-
ent for each APV subtype (Fig. 2A). The first
basic amino acid (Arg) at residue 99 in the cleav-
age site sequence is shared by all three subtypes.
However, the US viruses use an AGA codon
while European viruses utilize an AGG. Although
the Lys at position 100 of the F protein is shared
by the US viruses with their European subtype B
counterparts, the codon usage is not identical.
The US isolates have an AAA codon while the
subtype B viruses utilize an AAG. The subtype A
viruses have an AGA for Arg at position 100
rather than another AGG. Residue 101 of the F
protein differs for all three viruses with GCC
coding for an Ala among US viruses. This is
significantly different from the AAG coding for
Lys among subtype B viruses which represents a

Fig. 2. Comparative amino acid sequence alignment of fusion proteins along with fusion protein gene heterogeneity among avian
pneumovirus isolates. (A) Sequences were aligned and amino acid differences denoted by the single-letter code with consensus below.
The cleavage site is underlined. (B) Sliding window analysis of synonymous and nonsynonymous base substitutions in the fusion
protein gene among APV isolates. Solid line represents the rate of synonymous (Ks) base substitutions and the dashed line represents
the rate of nonsynonymous (Ka) base substitutions in a 90 base pair window.
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Fig. 3. Phylogenetic relationships among avian pneumoviruses
based on fusion protein amino acid sequences. Following
alignment, a rooted phylogram was generated by maximum
parsimony analysis using bovine respiratory syncytial virus
(BRSV) as an outgroup. Absolute distances are listed above
each branch with bootstrap confidence levels in parentheses
below. APV represents avian pneumoviruses from the US and
European subtypes A and B with geographic location.

viruses, that is supported by high bootstrap confi-
dence levels (Fig. 3). A relationship with identical
topology was obtained when analyzing nucleotide
sequences utilizing distance matrix (Saitou and
Nei, 1987) or parsimony (Swofford, 1998) meth-
ods (data not shown). This is similar to results
obtained using the M protein predicted amino
acid or M gene nucleotide sequences (Seal, 1998).

Based on nucleotide and predicted amino acid
sequences, two APV subtypes, designated A and
B, have been reported (Juhasz and Easton, 1994;
Randhawa et al., 1996a; Naylor et al., 1998). This
correlates with the finding that European APV
isolates could be differentiated serologically into
two separate groups (Collins et al., 1993; Cook et
al., 1993). The APV isolates from the US are
serologically distinct from European APV sub-
types A and B (Kleven, 1997). This relationship is
supported by phylogenetic analysis of the M
protein gene (Seal, 1998) and corroborated by M
and F gene sequences among geographically sepa-
rate US isolates reported herein. These results
confirm emergence of unique APV subtype C
isolates in the US distinct from European viruses.

Acknowledgements

Appreciation is extended to Joyce Bennett for
nucleotide sequencing and Nickie Cauthen, Mari-
carmen Garcia, Darrell Kapczynski, Mike Perdue,
Stacey Schultz-Cherry and David Suarez for help-
ful manuscript critiques. Nucleotide sequences for
the APV isolates reported were submitted to Gen-
Bank™ and assigned accession no. AF187149,
AF187150, AF187151, AF187152, AF187153,
AF187154. These investigations were supported
by USDA, ARS, CRIS project number 6612-
32000-015-00D-085 and US Poultry and Egg As-
sociation grant no. 404.

References

Akaike, T., Molla, A., Ando, M., Araki, S., Maeda, H., 1989.

Molecular mechanism of complex infection by bacteria and

virus analyzed by a model using serratial protease and

influenza virus in mice. J. Virol. 63, 2252–2259.

repeat of the previous codon. This contrasts with
the CGU coding for Arg among subtype A
viruses at residue 101 of the F protein. The final
Arg of the cleavage site at residue 102 is shared by
all three APV subtypes. However, the US viruses
utilize a CGG, while the subtype A viruses have
an AGA codon and the subtype B isolates use the
AGG sequence. The F protein cleavage site se-
quence varies among all three APV subtypes and
the codon usage is very heterogenous but consis-
tent with the three distinct lineages. Finally, there
was variation in the number of nucleotides in
both the 5% and 3% untranslated regions of the F
gene when comparing the US viruses to the sub-
type A and B viruses. Therefore, APV does not
require the genome to contain a number of nucle-
otides divisible by six (Randhawa et al., 1997).

Phylogenetic analysis of the F protein amino
acid sequences demonstrates that the US viruses
form a distinct subtype from the European.



B.S. Seal et al. / Virus Research 66 (2000) 139–147146

Alexander, D.J. Jr, 1997. Newcastle disease and other
Paramyxo6iridae infections. In: Calnek, B.W., Barnes,
H.J., Beard, C.W., McDougald, L., Saif, Y.M. Jr (Eds.),
Diseases of Poultry, 10th edn. Iowa State University Press,
Ames, IA, pp. 541–569.

Aviv, H., Leder, P., 1972. Purification of biologically active
globin messenger RNA by chromatography on olig-
othymidylic acid-cellulose. Proc. Natl. Acad. Sci. USA 69,
1408–1412.

Belyavsky, A., Vinogradova, T., Rajewsky, K., 1989. PCR-
based cDNA library construction: general cDNA libraries
at the level of a few cells. Nucleic Acids Res. 17, 2919–
2932.

Cavanagh, D., Barrett, T., 1988. Pneumovirus-like characteris-
tics of the mRNA and proteins of turkey rhinotracheitis
virus. Virus Res. 11, 241–256.

Chiang, S.J., Dar, A., Goyal, S.M., Nagaraja, K.V., Halvor-
son, D., Kapur, V., Panigrahy, B., 1998. Isolation of avian
pneumovirus in QT-35 cells. Vet. Rec. 143, 596.

Chirgwin, J.M., Przybyla, A.E., MacDonald, R.J., Rutter,
W.J., 1979. Isolation of biologically active ribonucleic acid
from sources enriched in ribonuclease. Biochemistry 18,
5294–5299.

Collins, M.S., Gough, R.E., 1988. Characterization of a virus
associated with turkey rhinotracheitis. J. Gen. Virol. 69,
909–916.

Collins, M.S., Gough, R.E., Lister, S.A., Chettle, N., Eddy,
R., 1986. Further characterisation of a virus associated
with turkey rhinotracheitis [letter]. Vet. Rec. 119, 606.

Collins, M.S., Gough, R.E., Alexander, D.J., 1993. Antigenic
differentiation of avian pneumovirus isolates using poly-
clonal antisera and mouse monoclonal antibodies. Avian
Pathol. 22, 469–479.

Collins, P.L., McIntosh, K., Chanock, R.M., 1996. Respira-
tory syncytial virus. In: Fields, B.N., Knipe, D.M., How-
ley, P.M. (Eds.), Fields Virology, 3rd edn.
Lippencott-Raven, Philadephia, PA, pp. 1313–1351.

Cook, J.K., Jones, B.V., Ellis, M.M., Ling, L., Cavanagh, D.,
1993. Antigenic differentiation of strains of turkey rhino-
tracheitis virus using monoclonal antibodies. Avian Pathol.
22, 257–273.

Dani, M.A., Durigon, E.L., Arns, C.W., 1999. Molecular
characterization of Brazilian avian pneumovirus isolates:
comparison between immunochemiluminescent Southern
blot and nested PCR. J. Virol. Methods 79, 237–241.

Eterradossi, N., Toquin, D., Guittet, M., Bennejean, G., 1992.
Discrepancies in turkey rhinotracheitis ELISA results using
different antigens. Vet. Rec. 131, 563–564.

Frohman, M.A., 1993. Rapid amplification of complementary
DNA ends for generation of full-length complementary
DNAs: thermal RACE. Methods Enzymol. 218, 340–356.

Glisin, V., Crkvenjakov, R., Byers, C., 1974. Ribonucleic acid
isolated by cesium chloride centrifugation. Biochemistry
13, 2633–2637.

Hanahan, D.H., 1985. Techniques for transformation of E.
coli. In: Glover, D.M. (Ed.), DNA Cloning, vol. 1. A
Practical Approach. IRL, Oxford, pp. 109–136.

Hedges, S.B., 1992. The number of replications needed for
accurate estimation of the bootstrap p value in phyloge-
netic studies. Mol. Biol. Evol. 366-369, 9.

Horvath, C.M., Lamb, R.A., 1992. Studies on the fusion
peptide of a paramyxovirus fusion glycoprotein: roles of
conserved residues in cell fusion. J. Virol. 66, 2443–2455.

Hosaka, M., Nagahama, M., Kim, W.S., Watanabe, T., Hat-
suzawa, K., Ikemizu, J., Murakami, K., Nakayama, K.,
1991. Arg–X–Lys/Arg–Arg motif as a signal for precur-
sor cleavage catalyzed by furin within the constitutive
secretory pathway. J. Biol. Chem. 266, 12127–12130.

Ina, Y., Gojobori, T., 1994. Statistical analysis of nucleotide
sequences of the hemagglutinin gene of human influenza A
viruses. Proc. Natl. Acad. Sci. USA 91, 8388–8392.

Johnson, P.R., Collins, P.L., 1988. The fusion glycoproteins of
human respiratory syncytial virus of subgroups A and B:
sequence conservation provides a structural basis for anti-
genic relatedness. J. Gen. Virol. 69, 2623–2628.

Jones, R.C., 1996. Avian pneumovirus infection: questions still
unanswered. Avian Pathol. 25, 639–648.

Juhasz, K., Easton, A.J., 1994. Extensive sequence variation in
the attachment (G) protein gene of avian pneumovirus:
evidence for two distinct subgroups. J. Gen. Virol. 75,
2873–2880.

Kimura, M., 1977. Preponderance of synonymous changes as
evidence for the neutral theory of molecular evolution.
Nature 267, 275–276.

Kleven, S.H., 1997. Report of the Committee. Transmissible
Diseases of Poultry and Other Avian Species. Proc. US
Anim. Health Assoc. 101st Annual Mtg. Louisville, KY,
Oct. 18–24, pp. 486–491.

Kotewicz, M.L., Sampson, C.M., D’Alesio, D.E., Gerard,
G.F., 1988. Isolation of cloned Maloney murine leukemia
virus reverse transcriptase lacking ribonuclease H activity.
Nucleic Acids Res. 16, 265–277.

Kumar, S., Tamura, K., Nei, M., 1993. MEGA: Molecular
Evolutionary Genetics Analysis, version 1.01. The Pennsyl-
vania State University, University Park, PA.

Li, J., Ling, R., Randhawa, J.S., Shaw, K., Davis, P.J., Juhasz,
K., Pringle, C.R., Easton, A.J., Cavanagh, D., 1996. Se-
quence of the nucleocapsid protein gene of subgroup A
and B avian pneumoviruses. Virus Res. 41, 185–191.

Li, W.-H., 1993. Unbiased estimation of the rates of synony-
mous and non synonymous substitutions. J. Mol. Evol. 36,
96–99.

Ling, R., Pringle, C.R., 1988. Turkey rhinotracheitis virus: in
vivo and in vitro polypeptide synthesis. J. Gen. Virol. 69,
917–923.

Ling, R., Easton, A.J., Pringle, C.R., 1992. Sequence analysis
of the 22K, SH and G genes of turkey rhinotracheitis virus
and their intergenic regions reveals a gene order different
from that of other pneumoviruses. J. Gen. Virol. 73,
1709–1715.

Ling, R., Davis, P.J., Yu, Q., Wood, C.M., Pringle, C.R.,
Cavanagh, D., Easton, A.J., 1995. Sequence and in vitro
expression of the phosphoprotein gene of avian pneu-
movirus. Virus Res. 36, 247–257.



B.S. Seal et al. / Virus Research 66 (2000) 139–147 147

Majo, N., Gibert, X., Vilafranca, M., O’Loan, C.J., Allan,
G.M., Costa, L., Pages, A., Ramis, A., 1997. Turkey
rhinotracheitis virus and Escherichia coli experimental in-
fection in chickens: histopathological, immunocytochemi-
cal and microbiological study. Vet. Microbiol. 57, 29–40.

Mead, D.A., Pey, N.K., Herrnstadt, C., Marcil, R.A., Smith,
L.M., 1991. A universal method for the direct cloning of
PCR amplified nucleic acid. Biotechnology 9, 657–662.

Nagai, Y., 1995. Virus activation by host proteinases. A
pivotal role in the spread of infection, tissue tropism and
pathogenicity. Microbiol. Immunol. 39, 1–9.

Naylor, C.J., Britton, P., Cavanagh, D., 1998. The ectodo-
mains but not the transmembrane domains of the fusion
proteins of subtypes A and B avian pneumovirus are
conserved to a similar extent as those of human respiratory
syncytial virus. J. Gen. Virol. 79, 1393–1398.

Nei, M., Gojobori, T., 1986. Simple methods for estimating
the numbers of synonymous and nonsynonymous nucle-
otide substitutions. Mol. Biol. Evol. 3, 418–426.

Plows, D.J., Pringle, C.R., 1995. Variation in the fusion glyco-
protein gene of human respiratory syncytial virus subgroup
A. Virus Genes 11, 37–45.

Pringle, C.R., 1998. Virus taxonomy — San Diego 1998.
Arch. Virol. 143, 1449–1459.

Randhawa, J.S., Pringle, C.R., Easton, A.J., 1996a. Nucle-
otide sequence of the matrix protein gene of a subgroup B
avian pneumovirus. Virus Genes 12, 179–183.

Randhawa, J.S., Wilson, S.D., Tolley, K.P., Cavanagh, D.,
Pringle, C.R., Easton, A.J., 1996b. Nucleotide sequence of
the gene encoding the viral polymerase of avian pneu-
movirus. J. Gen. Virol. 77, 3047–3051.

Randhawa, J.S., Marriott, A.C., Pringle, C.R., Easton, A.J.,
1997. Rescue of synthetic minireplicons establishes the
absence of the NS1 and NS2 genes from avian pneu-
movirus. J. Virol. 71, 9849–9854.

Reeves, P.R., Farnell, L., Lan, R., 1994. MULTICOMP: A
program for preparing sequence data for phylogenetic
analysis. Comput. Appl. Biosci. 10, 281–284.

Rima, B., 1989. Comparison of amino acid sequences of the
major structural proteins of the paramyxo- and morbil-
liviruses. In: Kolakofsky, D., Mahy, B.W.J. (Eds.), Genet-
ics and Pathogenicity of Negative Strand Viruses. Elsevier,
Amsterdam, pp. 254–263.

Saitou, N., Nei, M., 1987. The neighbor-joining method: A
new method for reconstructing phylogenetic trees. Mol.
Biol. Evol. 4, 406–425.

Samal, S.K., Zamora, M., 1991. Nucleotide sequence analysis
of a matrix and small hydrophobic protein dicistronic
mRNA of bovine respiratory syncytial virus demonstrates
extensive sequence divergence of the small hydrophobic
protein from that of human respiratory syncytial virus. J.
Gen. Virol. 72, 1715–1720.

Sanger, F., Nickles, S., Carlson, A.R., 1977. DNA sequencing
with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74, 5463–5467.

Sawyer, S., 1989. Statistical tests for detecting gene conversion.
Mol. Biol. Evol. 6, 526–538.

Seal, B.S., 1998. Matrix protein gene nucleotide and predicted
amino acid sequence demonstrate that the first US avian
pneumovirus isolate is distinct from European strains.
Virus Res. 58, 45–52.

Seibert, S.A., Howell, C.Y., Hughes, M.K., Hughes, A.L.,
1995. Natural selection on the gag, pol and env genes of
human immunodeficiency virus 1 (HIV1). Mol. Biol. Evol.
12, 803–813.

Smith, A.B., 1994. Rooting molecular trees: problems and
strategies. J. Linn. Soc. 51, 279–292.

Smith, L.M., Sanders, J.Z., Kaiser, R.J., Hughs, P., Dodd, C.,
Connell, C.R., Heines, C., Kent, S.B.H., Hood, L.E., 1986.
Fluorescence detection in automated DNA sequence analy-
sis. Nature 321, 673–681.

Swofford, D., 1998. PAUP*4.0: Phylogenetic Analysis using
Parsimony. Sinauer Associates, Smithsonian Institution,
Sunderland, MA.

Tanaka, M., Takuma, H., Kokumai, N., Oishi, E., Obi, T.,
Hiramatsu, K., Shimizu, Y., 1995. Turkey rhinotracheitis
virus isolated from broiler chicken with swollen head syn-
drome in Japan. J. Vet. Med. Sci. 57, 939–941.

Tanaka, M., Kokumai, N., Obi, T., Higashihara, R., Takuma,
H., Hiramatsu, K., Shimizu, Y., 1996. A serological survey
of turkey rhinotracheitis virus infection in chickens in
Japan. J. Vet. Med. Sci. 58, 689–691.

Thompson, J.D., Higgins, D.G., Gibson, T.J., 1994.
CLUSTALW: improving the sensitivity of progressive mul-
tiple sequence alignment through sequence weighting, posi-
tion specific gap penalties and weight matrix choice.
Nucleic Acids Res. 22, 4673–4680.

Toro, H., Hidalgo, H., Ibanez, M., Hafez, H.M., 1998. Sero-
logic evidence of pneumovirus in Chile. Avian Dis. 42,
815–817.

Wyeth, P.J., Alexander, D.J., 1989. Pneumovirus infections.
In: Purchase, H.G., Arp, L.H., Domermuth, C.H., Pear-
son, J.E. (Eds.), A Laboratory Manual for the Isolation
and Identification of Avian Pathogens, 3rd edn. American
Association of Avian Pathologists, Kennett Square, PA,
pp. 121–123.

Yu, Q., Davis, P.J., Barrett, T., Binns, M.M., Boursnell, M.E.,
Cavanagh, D., 1991. Deduced amino acid sequence of the
fusion glycoprotein of turkey rhinotracheitis virus has
greater identity with that of human respiratory syncytial
virus, a pneumovirus, than that of paramyxoviruses and
morbilliviruses. J. Gen. Virol. 72, 75–81.

Yu, Q., Davis, P.J., Brown, T.D., Cavanagh, D., 1992a.
Sequence and in vitro expression of the M2 gene of turkey
rhinotracheitis pneumovirus. J. Gen. Virol. 73, 1355–1363.

Yu, Q., Davis, P.J., Li, J., Cavanagh, D., 1992b. Cloning and
sequencing of the matrix protein (M) gene of turkey rhino-
tracheitis virus reveal a gene order different from that of
respiratory syncytial virus. Virology 186, 426–434.

Zamora, M., Samal, S.K., 1992. Sequence analysis of M2
mRNA of bovine respiratory syncytial virus obtained from
an F-M2 dicistronic mRNA suggests structural homology
with that of human respiratory syncytial virus. J. Gen.
Virol. 73, 737–741..


